In mammals, proper temporal control of neurogenesis and neural migration during embryonic development ensures correct formation of the cerebral cortex. Changes in the distribution of cortical projection neurons and interneurons are associated with behavioral disorders and psychiatric diseases, including schizophrenia and autism, suggesting that disrupted cortical connectivity contributes to the brain pathology. TBX1 is the major candidate gene for 22q11.2 deletion syndrome (22q11.2DS), a chromosomal deletion disorder characterized by a greatly increased risk for schizophrenia. We have previously shown that Tbx1 heterozygous mice have reduced prepulse inhibition, a behavioral abnormality that is associated with 22q11.2DS and nonsyndromic schizophrenia. Here, we show that loss of Tbx1 disrupts corticogenesis in mice by promoting premature neuronal differentiation in the medio-lateral embryonic cortex, which gives rise to the somatosensory cortex (S1). In addition, we found altered polarity in both radially migrating excitatory neurons and tangentially migrating inhibitory interneurons. Together, these abnormalities lead to altered lamination in the S1 at the terminal stages of corticogenesis in Tbx1 null mice and similar anomalies in Tbx1 heterozygous adult mice. Finally, we show that mesoderm-specific inactivation of Tbx1 is sufficient to recapitulate the brain phenotype indicating that Tbx1 exerts a cell nonautonomous role in cortical development from the mesoderm.
Introduction
22q11.2 deletion syndrome (22q11.2DS) is a chromosomal microdeletion disorder that is seen in 1 in 4000 to 1 in 5000 children (Botto et al. 2003) . It is characterized by a complex and variable clinical phenotype, for which the most common physical features are congenital heart defects, facial dysmorphism, palatal abnormalities, and immune deficiency. In addition, patients have brain-related clinical problems that include anatomical brain anomalies, (reviewed in Baker et al. (2011) , cognitive disorders, and psychiatric diseases, especially schizophrenia (reviewed in Karayiorgou et al. (2010) . Studies conducted in human and mice demonstrate that the transcription factor TBX1 plays a key role in determining the clinical phenotype. In fact, in humans, TBX1 mutation is sufficient to recapitulate most of the complex physical phenotype caused by the chromosomal microdeletion. However, TBX1 point mutations are extremely rare (Yagi et al. 2003; Paylor et al. 2006; Ogata et al. 2014) , and most affected individuals have not been evaluated for the presence of anatomical brain abnormalities or for neurological, psychological, or psychiatric disorders. We have reported a single case where TBX1 mutation was associated with a psychiatric disorder (Paylor et al. 2006) , and a recent report links TBX1 mutation to developmental delay (Ogata et al. 2014) . Thus, TBX1 is a candidate gene for 22q11.2DS-associated brain phenotypes.
Other genes in the deleted region may also contribute.
In mice, inactivation of Tbx1 phenocopies most of the physical features of the human disease, while heterozygous gene inactivation causes isolated cardiac defects at a reduced penetrance. In addition, we have shown that Tbx1 heterozygous mice have impaired prepulse inhibition (Paylor et al. 2006 ), a behavioral abnormality that has been reported in children and adults with 22q11.2DS (Sobin et al. 2005; de Koning et al. 2012 ) and in individuals with nonsyndromic schizophrenia (Braff et al. 2001; Braff 2010) . Thus, Tbx1 mutant mice represent a valid model of the human disease that can be used to study the pathogenic basis of 22q11.2DS brain phenotypes. Several of these brian phenotypes suggest cortical impairment, either directly or by association. For example, brain imaging of 22q11.2DS patients consistently shows reduced cortical gray matter, polymicrogyria, and neuronal heterotopias (van Amelsvoort et al. 2004; Robin et al. 2006; Bearden et al. 2007; Kiehl et al. 2009; Schaer et al. 2009 ). In addition, tortuous cerebral vessels, increased frequency of cortical neurons, and altered cortical lamination were recently found in an infant with 22q11.2DS (Wu et al. 2014) . Moreover, learning disabilities, psychomotor development delay, and speech and language delay, all of which are highly penetrant 22q11.2DS phenotypes (Cancrini et al. 2014 ) reflect the loss of skills that depend, albeit not exclusively, on cortical function. In addition, schizophrenia, which affects >30% of adults with 22q11.2DS (Murphy et al. 1999; Cancrini et al. 2014; Schneider et al. 2014) , and autistic spectrum disorder, which affects approximately 25% of children and adolescents with 22q11.2DS (Niklasson et al. 2009; Schneider et al. 2014) , have been defined as diseases of cortical connectivity (Weinberger 1987; Geschwind and Levitt 2007) .
The goals of this study were to determine whether Tbx1 inactivation affects cortical development and to identify the critical Tbx1-expressing tissue domain. We found that during embryogenesis, loss of Tbx1 alters mitotic activity and differentiation of cortical neural progenitors, and later in embryogenesis, it alters the number and distribution of glutamatergic cortical projection neurons and GABAergic interneurons in the neocortex. Conditional deletion of Tbx1 demonstrated that these are mesoderm-dependent phenotypes. We traced the consequences of these abnormalities in adult Tbx1 germline heterozygous (Tbx1 lacZ/+ ) mice (Tbx1 homozygous mutants die at birth) and found that the final positioning of mature neurons within the adult neocortex was clearly altered. These results indicate that mesodermal Tbx1 expression has broad effects on cortical development that persist into adulthood.
Materials and Methods

Mouse Lines
Tbx1 lacz/+ (Lindsay et al. 2001) , Tbx1 flox/+ (Xu et al. 2004) , and
Mesp1
Cre (Saga et al. 1999) mice are maintained on a C57BL/6N
background. Genotyping was performed as in the original reports. Phenotype evaluations were performed blind to genotype.
All animal experiments were performed in compliance with Italian laws and institutional guidelines and were approved by the local animal ethics committee.
Tissue Preparation, Immunofluorescence, Immunohistochemistry, RNA In Situ Hybridization on Mouse Brain Sections Agarose Sections E18.5 and adult brains at 12 weeks of age were fixed in 4% PFA/PBS 1× at 4°C overnight and subsequently embedded in 4% low melting agarose. Coronal sections, 100 µm (E18.5) and 50 µm (adult), along the rostral-caudal brain axis were postfixed in 4% PFA at room temperature for 10 min prior to immunostaining.
Cryosections E18.5 and E13.5 brains were fixed in 4% PFA/PBS 1× at 4°C overnight, washed in PBS 1×, and incubated for 12 h in serial dilutions of sucrose/PBS 1× (10%, 20%, 30% sucrose) at 4°C. Brains were then incubated for 2 h at 4°C in 50:50 v/v 30% sucrose/PBS 1×/OCT prior to embedding in OCT. Twenty micron coronal sections were cut along the rostral-caudal brain axis on a cryostat and were postfixed in 4% PFA at room temperature for 10 min prior to immunostaining Alternatively, specimens were stored at −80°C. Immunohistochemistry, immunofluorescence, and in situ hybridization: Experiments were performed on serial sections (agarose-embedded or cryosections) 200 µm apart, using a minimum of 5 animals per genotype. Immunohistochemistry (IHC) and immunofluorescence (IF) were performed using the following antibodies: Mouse monoclonal anti-human KI67 antibody, (1:200) BD Pharmingen; Mouse monoclonal anti-PH3 antibody, (1:200) Millipore; Mouse monoclonal anti-NeuN clone A60 antibody (1:100), Millipore; Rabbit polyclonal anti-Tbr2, (1:200) Abcam; Rabbit polyclonal anti-Tbr1 (1:100) Millipore; Rabbit polyclonal anti-Calbindin D-28k, (1:1000), SWANT. Sections were briefly microwaved to boiling point in 10 mM sodium citrate ( pH 6.0) 3 times, for antigen enhancement, cooled, rinsed with PBS, blocked in 20% Goat Serum (GS) in PBS 0.05%Tween (IHC), or 10% GS/PBS/0.1% TritonX100 (IF) for at least 30′ at room temperature. Sections were then incubated with primary antibodies overnight at 4°C in the appropriate blocking solution reducing the GS to 5%, rinsed, and incubated in secondary antibodies for 2 h at room temperature. For IHC, sections were also treated with 0.5% H 2 O 2 in ethanol to block endogenous peroxidase activity. Appropriate biotinylated secondary antibodies were used (1:200) with standard avidin-biotin-diaminobenzidine visualization according to the manufacturer's protocol (Vector Laboratories, Burlingame, CA, USA), except for anti-Ki67, which was revealed by incubation with a biotinylated secondary antibody and VECTASTAIN Elite-ABC kit reaction (Vector Laboratories) with the TSA-Plus Fluorescein System NEL741001KT (PerkinElmer Inc.), following the manufacturer's instructions. The following secondary antibodies were used for IF: Alexa Fluor 488-conjugated anti-rabbit; Alexa Fluor 488-conjugated antimouse (1:400, Life technologies, Invitrogen). Fluorescence was observed with an epifluorescence microscope (Leica DMI6000B, acquisition software LAS AF 2.6) and bright field with a Leica DM6000 microscope (acquisition software LAS V4.1). Images were digitally documented with a camera and computer processed using Adobe Photoshop ® version 6 for Windows.
For in situ Hybridization (ISH), antisense RNA probes were labeled using a DIG-RNA labeling kit (Roche). The following probes were used: Pax6, Tis21, Ngn2, Rnd2, NeuroD2, Dll1, Notch3, Hes1, Hes5, Fetzf2, Rorb Cux1, Gad67, Somatostatin (SST) , and Vasoactive intestinal peptide (VIP). DIG-labeled probes were hybridized to agarose-embedded sections or cryosections following published methods (Hirsch et al. 1998) . Optical density (OD), minus the slice background OD, was measured using the ImageJ graphic pen (unit area 50 µm 2 ) for Tis21, Ngn2, NeuroD2, Dll1, Notch3, Hes1, and Hes5. For some markers, expression was also evaluated by quantitative (q) RT-PCR on isolated cortices using the following primers:
Mouse primer sequences used for quantitative Real -Time PCR:  mRorb_F 5′-CAGATCACCCATGCTATCCAG-3′  mRorb_R 5′-AGGCACGACACATTCTCAC-3′ mCxcr4_F 5′-ATGGAACCGATCAGTGTGAG-3′  mCxcr4_R 5′-GATGAAGTAGATGGTGGGCAG-3′  mTbr2_F 5′-CACCCAGAATCTCCTAACACTG-3′  mTbr2_R 5′-AGCCTCGGTTGGTATTTGTG-3′  mPax6_F 5′-TGCCCTTCCATCTTTGCTTG-3′  mPax6_R 5′-TCTGCCCGTTCAACATCCTTAG-3′  mHes1_F 5′-AAGGCGGACATTCTGGAAAT-3′  mHes1_R 5′-TCACCTCGTTCATGCACTC-3′  mHes5_F 5′-CGGTGGAGATGCTCAGTC-3′ mHes5_R 5′-CTTGGAGTTGGGCTGGTG-3′
LacZ Staining
Expression of the lacZ reporter was analyzed in Tbx1 lacZ/+ embryos at E13.5 following a published protocol (Sundararajan et al. 2012) . Briefly, whole heads or isolated brains were divided along the longitudinal axis, fixed in 0.2% glutaraldehyde, 2% formalin, 5 mM EGTA, and 2 mM MgCl 2 in 0.1 M phosphate buffer ( pH 7.3) for 30 min, then washed 3 times in rinse solution at RT: 0.1% sodium deoxycholate, 0.2% IGEPAL, 2 mM MgCl 2 , and 0.1 M phosphate buffer ( pH 7.3) for 20 min each. Embryos were then incubated in the dark at 37°C in a staining solution containing 1 mg/mL Salmon gal (6-chloro-3-indolyl-β--galactopyranoside, Alfa Aesar) and 0.4 mM 4-nitro blue tetrazolium chloride, NBT (Roche). Heads or brains were stained for between 1 and 2 h 30 min. Whole specimens were photographed and then cryosectioned as described above.
Cell Counts
E13.5 Brains
For PH3 quantification, cell counts were performed on a single hemisphere per embryo (n = 5-6 per genotype) comprising 7-9 anatomically matched sections 200 µm apart along the rostral to caudal axis, where the first (rostral) section included the lateral ganglionic eminence (LGE), prior to the appearance of the hippocampal primordium. In the mouse strain used here, this position is about 600 µm caudal to the beginning of the prospective olfactory bulb (OB). Counting box positioning: For the cortex (Cx), counting boxes were positioned in the medio-lateral (ML) cortex, along a line tangential to the LGE or caudal (C) GE (cartoon in Fig. 1 ). For GEs, counting boxes were positioned in the middle of the GE along the major longitudinal axis. Quantification of Ki67 was performed at the same anatomical position as described for PH3. Measuring line positioning: For Cx, measuring lines were positioned in the ML cortex, along a line tangential to the LGE or CGE (cartoon in Fig. 1 ). For GEs, measuring lines were positioned in the middle of the ganglionic eminence along the major longitudinal axis. For quantification of NeuN, Tbr1, and Tbr2, 3 hemispheres per embryo at the rostral (R), medial (M), and caudal (C) level of the forebrain were analyzed (n = 5 per genotype). R, M, and C slices were 600 µm apart and were identified as follows. R, the rostral slice was selected on the basis of distance from the medial slice (600 µm) and from the beginning of the prospective OB (800 µm). In this slice, the LGE was clearly visible, before the appearance of the hippocampal primordium; M, the medial slice selected was the first slice in which the medial (M) GE was visible together with the hippocampal primordium (detached from the subpallium), and where the choroid plexus was within the lateral ventricle and arising from the medial wall; C, the caudal slice selected on the basis of distance from the medial slice (600 µm), and on the presence of the CGE, thalamus, and third ventricle. All cells were counted in 100 µm 2 bins spanning the thickness of the Cx or GE starting from the ventricular surface. The Calbindin (Cb)-labeled area was measured on a single coronal section at a medial position (described above and shown in the cartoon in Fig. 4 ) along the rostro-caudal axis of the forebrain. The Cb-labeled area was determined relative to the total area of the GE (n = 5 per genotype). For interneuronal migration analysis, Cb-labeled cells were counted at the level of mid-ganglionic eminences in 5 equidistant bins across the entire cortex (lateral-dorsal) (n = 5 per genotype). To determine the migratory trajectory, the number of radially orientated cells per bin was expressed as a percentage of the total number of migrating cells, while the distribution of radially orientated cells per bin was relative to the total number of interneurons per bin expressed as a percentage of the control. In Fig. 4F ,F′, a drawing mask has been superimposed in Bin 2 in a representative section of a wild-type and Tbx1 lacZ/lacZ embryo to highlight the radially orientated cells.
E18.5 Brain Sections
Cell counts were performed on coronal sections of a single hemisphere per embryo (n = 5 per genotype) using counting boxes (250 µm wide) that were placed in the primary somatosensory cortex (S1). The boxes spanned the thickness of the cortex (white matter to pia) and were divided into 12 equidistant bins. This location was identified by the presence of the anterior portion of the anterior commissure (aca), corpus callosum, emerging fornix, and nucleus accubens (differentiating field).
Adult Brain Sections
Cell counts were performed on coronal sections of a single hemisphere per animal (12 weeks of age, n = 5 per genotype) using counting boxes (500 µm wide) that were placed in the primary somatosensory cortex (S1) around Bregma level 0.50 mm (Paxinos and Franklin 2012). Boxes spanned the thickness of the cortex (white matter to pia) and were divided into 12 equidistant bins. In experiments, where there were low numbers of labeled cells, the counting boxes were divided into 3 equidistant bins.
Measurement of Cortical Thickness
In sections of adult brain (section level described above), cortical thickness was measured at medial sites of the primary and secondary motor cortex (M1, M2) and the primary somatosensory cortex (S1). In brain sections of E13.5 and E18.5 embryos, cortical thickness was measured in the medio-lateral (ML) cortex (E13.5, cartoon in Fig. 2 ) or in the prospective S1 (E18.5, cartoon in Fig. 5 ). The thickness of gene expression positive (or negative) regions was determined relative to the total ventricular pial thickness (n = 5-7 per genotype).
Statistical Analysis
The data were statistically analyzed and graphically represented using Microsoft Office Excel software. Results are expressed as the mean ± standard error of the mean (SEM) and the paired, 2-tailed Student's t-test and the χ 2 test were used for statistical analysis. In experiments where the laminar distribution of labeled populations of cells was measured, we used the Benjamini-Hochberg procedure to correct for multiple testing. For all experiments, values of P ≤ 0.05 were considered to be statistically significant.
Results
Haploinsufficiency of Tbx1 Causes Thinning of the Cortex in Adult Mice
Given the nature of the behavioral phenotypes associated with 22q11.2DS and with Tbx1 mutation in humans and mice, we asked whether Tbx1 mutation affects the neocortex. We first examined the neocortex of Tbx1 lacZ/+ (Lindsay et al. 2001 ) adult mice.
We measured cortical thickness in coronal sections of Tbx1 lacZ/+ and wild-type (WT) littermates at 12 weeks of age. Measurements were made at 3 points corresponding to the primary and secondary motor cortex (M1, M2) and the primary somatosensory cortex (S1) (Fig. 1A ,A′). We found a significant reduction in cortical thickness in the S1 (P = 0.05) but not in the M1, M2 in Tbx1 lacZ/+ mice compared with controls (WT) (Fig. 1a) . We next quantified the number and distribution of cortical neurons within the S1 by immunostaining with the pan-neuronal marker NeuN. For this, we used radial probes divided into 12 equidistant bins 500 µm wide between the pial surface and the white matter (Fig. 1A ,A′, high magnification, white bars 1-12 indicate the position of the bins, counting boxes not shown). Results showed an increase in the total number of NeuN-expressing cells in the area sampled (S1) in Tbx1 lacZ/+ brains compared with WT (P = 0.003, Fig. 1a′ ) and an altered distribution across the 12 bins (χ 2 test, P ≤ 0.001, Fig. 1a″ ).
In particular, there was a greatly increased frequency of Neu-N-expressing cells in Bins 4-9, which include the granular and infragranular layers (P ≤ 0.05, Bin 3; P ≤ 0.01, Bins 4-6; P ≤ 0.001, Bins 7-9, 11, paired, 2-tailed Student's t-test with BenjaminiHochberg correction for multiple testing). Thus, a 50% reduction in Tbx1 dosage is sufficient to alter the number and distribution of neurons in the S1 in adult mice.
Loss of Tbx1 Alters Maturation of Cortical Projection Neurons
We asked whether the above phenotypes are due to abnormal S1 development. While we do not exclude abnormalities in other brain regions in Tbx1 mutants, in this study, we focused our attention on the S1 and on the embryonic medio-lateral (ML) cortex from which it derives. Cortical projection neurons are born in the cortical primordium, where the pseudostratified neuroepithelium starts to proliferate by symmetrical self-renewing divisions thereby expanding the pool of apical progenitors (APs) in the ventricular zone (VZ). At the same time, asymmetric division of APs produces a second progenitor cohort, the basal progenitors (BPs) that populate the subventricular zone (SVZ). BPs mainly undergo neurogenic divisions.
To evaluate AP and BP proliferation, we immunostained serial coronal sections of the forebrain of Tbx1 lacZ/+ and Tbx1 lacZ/lacZ embryos at E13.5 by Ki67, a marker of cycling cells, and phosphohistone 3 (PH3), a marker of mitotic cells (M phase). Because Tbx1 mRNA has not been reported in nervous tissues, we performed a similar analysis on Mesp1
Cre -driven (anterior mesoderm-specific, Saga et al. (1999) (Zhang, Huynh, et al. 2006 ). Ki67 immunostaining revealed a thinner proliferating zone in the medio-lateral (ML) cortex (cartoon in Fig. 1 ) of Tbx1 lacZ/+ (P = 2E−06), Tbx1 lacZ/lacZ (P = 5E−08), and Tbx1-MKO (P = 0.0002) embryos compared with controls ( Fig. 1B,b) and consequently a broader Ki67-negative zone where differentiated neurons normally reside (asterisk in Fig. 1B) . Overall, thickness of the ML cortex was similar for all genotypes at this stage (data not shown). We then used PH3 to determine whether the thinner proliferating zone reflected an alteration in mitotic activity (Fig. 1C,c) . Surprisingly, we found an increased number of cells undergoing mitosis in the ML cortex of Tbx1 lacZ/+ (P = 1E−04), Tbx1 lacZ/lacZ (P = 0.03), and
Tbx1-MKO (P = 0.002) embryos compared with controls (Fig. 1c) . We quantified in more detail the number and position of mitotic cells by using 100 µm 2 bins delimited by the ventricular (internal) and pial (external) brain surfaces. This revealed an increased number of PH3-expressing cells in the VZ (P = 5E−04) and SVZ (P = 6E−04) in Tbx1 lacZ/+ embryos and in the VZ (P = 0.05) and SVZ (P = 0.017) of Tbx1 lacZ/lacZ and Tbx1-MKO embryos (VZ, P = 0.002, SVZ, P = 0.004) compared with controls ( Fig. 1c′) . A thinner layer of cycling cells (Ki67-positive) together with an increased number of mitotic cells may be caused by acceleration of the cell cycle or anticipated neurogenesis, either of which could lead to an increased production of mature (noncycling) neurons. We evaluated this by immunostaining with NeuN which identifies differentiating neurons (Mullen et al. 1992) . Figure 2A shows representative sections from the ML cortex of Tbx1 lacZ/lacZ and Tbx1-MKO embryos and their respective controls at E13.5. We quantified the number and distribution of NeuN-expressing cells using 100 µm 2 bins extending from the ventricular to the pial brain surface. Results showed an increased number of NeuN-expressing cells in Tbx1 lacZ/lacZ (P = 0.02) and Tbx1-MKO embryos (P = 0.05) (Fig. 2a) and an early presence of post-mitotic neurons in the VZ and SVZ of Tbx1 lacZ/lacZ embryos (P = 0.002 and P = 0.05, respectively) and Tbx1-MKO embryos (VZ, P = 0.001; SVZ, P = 0.05) compared with controls (Fig. 2a′) . Thus, mitotic activity and differentiation of both APs and BPs are affected by loss of mesodermal Tbx1.
We next sought to define better the transition from neural progenitor to post-mitotic neuron. Tis21 identifies neurogenic progenitors, that is APs switching from symmetric self-renewing divisions to neurogenic divisions (Haubensak et al. 2004; Iacopetti et al. 1999) and BPs undergoing neurogenic divisions (Haubensak et al. 2004; Attardo et al. 2008 ). Expression of Tis21 was increased in the ML cortex of Tbx1 lacZ/lacZ (P = 2E−04) and Tbx1-MKO (P = 0.003) embryos at E13.5, including the VZ (P = 1E−04) and SVZ (P = 5E−04) in Tbx1 lacZ/lacZ embryos and Tbx1-MKO (VZ, P = 0.002; SVZ, P = 0.004) embryos (Fig. 2B,b′) . We then analyzed the expression of 2 genes that differentially label APs (Pax6-expressing) in the VZ (Gotz et al. 1998 ) and BPs (Tbr2-expressing) in the SVZ (Englund et al. 2005) . We first performed quantitative (q) RT-PCR on isolated whole cortices (E13.5), but this did not reveal a significant difference in Pax6 expression between Tbx1 mutants and controls (data not shown). However, evaluation of regional expression by in situ hybridization showed that the Pax6 expression domain was thinner in the ML cortex of Tbx1 lacZ/lacZ (P = 3E−04) and Tbx1-MKO (P = 4E−04) embryos compared with controls (Fig. 2C,c) . In addition, immunostaining of adjacent sections by Tbr2 showed that there were more Tbr2-expressing cells in this region in Tbx1 lacZ/lacZ (P = 1E−04) and Tbx1-MKO (P = 4E−05) embryos compared with controls ( Fig. 2D,d ), many of which localized close to the VZ, indicating an increased presence and altered distribution of BPs in the proliferative zones. To test whether this leads to an increased number of mature neurons, we analyzed the expression of Tbr1, which identifies terminally differentiated neurons. We found an overall increase in Tbr1 expression in the ML-cortex of Tbx1 lacZ/lacZ (P = 0.02) and Tbx1-MKO embryos (P = 8E−04) and in particular in the SVZ and cortical plate (Cp) (Fig. 2E,e) . Together, these results suggest that Tbx1 mutation promotes neurogenic cell division in cortical progenitors, possibly inducing a precocious switch from AP to BP and consequently a premature differentiation and maturation of cortical projection neurons. Cortical neurogenesis occurs along rostral-caudal and lateraldorsal gradients. Thus, cortical differentiation should be evaluated at different section levels. We quantified expression of NeuN, Tis21, Pax6, Tbr2, and Tbr1 in the ML cortex separately on rostral, medial, and caudal sections of Tbx1 lacZ/lacZ and Tbx1-MKO embryos at E13.5. Results showed that the altered expression of these markers (average values reported in Fig. 2a-e) followed the same trend at all section levels (see Supplementary Fig. 1 ). Immature cortical neurons that migrate away from the SVZ into the intermediate zone (iz) detach from the radial glia scaffold and assume a multipolar configuration (Tabata and Nakajima 2003; LoTurco and Bai 2006) . To migrate into the cortical plate, they must reassume a bipolar configuration (Rakic et al. 1996; Tabata and Nakajima 2003) . These morphological changes, which are necessary for correct migration and positioning of neurons in the cortical layers, are guided by the consecutive expression of transcription factors (TFs), proneural genes, and signaling molecules. We examined some of the TFs that guide these differentiative phases. Ngn2 (Neurogenin 2) is a ventricular proneural gene that drives cortical progenitors toward neuronal differentiation (Schuurmans et al. 2004 ). Ngn2 activates Rnd2 (Rho-family GTPase 2), a Rho-GTPase required for cytoskeletal rearrangements that are necessary to sustain multiple phases of migration of differentiating neurons (Nakamura et al. 2006; Heng et al. 2008) . NeuroD2 (Neuronal differentiation 2), a downstream effector of Ngn2, maintains correct expression of Rnd2 (Heng et al. 2008 ) and drives neurons toward terminal differentiation. At E13.5, the expression of all 3 genes was altered in the ML cortex of Tbx1 lacZ/lacZ embryos (Fig. 3A-C) . Specifically, Ngn2 expression was upregulated in the proliferative zones (P = 3E−04, Fig. 3A′ ,a, see Supplementary Fig. 2A ), while NeuroD2 expression, which is normally limited to the intermediate zone (iz) and cortical plate (cp) (Lin et al. 2004) , was strongly upregulated (P = 0.0035, OD, Fig. 3B′ ,b, see Supplementary Fig. 2B ) and expanded into the proliferative zones, including the VZ (P = 0.001, thickness of expression domain, Fig. 3b′ and see Supplementary Fig. 2B′ ). This suggests that increased expression of Ngn2 leads to the precocious activation of NeuroD2 transcription in cortical progenitors inducing their early exit from the cell cycle and premature terminal differentiation. The altered expression of these 2 TFs probably accounts for the expanded expression (bidirectional) of Rnd2 (P = 0.001) Figure 3C′ ,c, see Supplementary Fig. 2C, 2C′ ), which is regulated by both genes. There are reciprocal interactions between Ngn2 and DeltaNotch signaling. Notch signaling is important in neural progenitors to maintain the correct balance between proliferation and differentiation that ensures the generation of the correct number of neurons (Kawaguchi et al. 2008; Shimojo et al. 2008; Pierfelice et al. 2011; Barton and Fendrik 2013) . To determine whether Tbx1 mutation affects Notch signaling, we analyzed expression of 4 genes in the Delta-Notch pathway; Dll1, Notch3, Hes1, Hes5. Dll1 induces neural differentiation, while Hes1 and Hes5, which are effectors of Notch signaling, are required to maintain neural stem cell proliferation and their inactivation promotes neuronal differentiation (Ishibashi et al. 1995; Ohtsuka et al. 1999) . Results showed that expression of Dll1 was increased throughout the VZ in Tbx1 lacZ/lacZ embryos at E13.5. (P = 0.001, Fig. 3D′,d , see Supplementary Fig. 2D ) while expression of Notch3 was decreased (P = 0.001, Fig. 3E′ ,e, see Supplementary Fig. 2E ) as were Hes1 (P = 0.024, Fig. 3F′ ,f, see Supplementary 2F) and Hes5 (P = 0.015, Fig. 3G′ ,g, see Supplementary Fig. 2G ). These results suggest that premature neuronal differentiation in Tbx1 mutants may be caused in part by reduced Notch signaling. In summary, our analysis of glutamatergic neurogenesis in Tbx1 mutants reveals altered mitotic activity in APs and BPs that is associated with premature differentiation of the progeny of both precursor populations and altered expression of TFs and signaling molecules that guide cortical neurons through the final phases of maturation and migration.
Altered Proliferation and Migration of Interneuron Progenitors
We next analyzed the development of inhibitory cortical neurons that originate in the ganglionic eminences (GE) of the ventral telencephalon. Ventricular neural progenitors in the GE give rise to GABAergic interneurons, a specialized type of neuron that primarily forms connections with other neurons to modulate neural activity. We first evaluated cell proliferation by Ki67 and PH3 immunostaining in serial coronal sections of the ventral forebrain at E13.5. We obtained similar results to those obtained in the ML-cortex. Specifically, reduced thickness of the Ki67-expressing domain in the proliferating zones of the lateral (L), medial (M), and caudal (C) ganglionic eminences (GE) of Tbx1 lacZ/+ embryos (LGE, P = 0.04; MGE, P = 0.03; CGE, P = 0.02), Tbx1 lacZ/lacZ embryos (LGE, P = 0.04, MGE, P = 0.05 and CGE, P = 0.02), and Tbx1-MKO embryos (LGE, P = 0.03; MGE, P = 0.03 and CGE, P = 0.04), and consequently a broader Ki67-negative zone compared with controls ( Fig. 4A-A‴,a) , indicating an increased presence of differentiated (noncycling) interneurons at this stage. PH3 immunostaining revealed an increased number of mitotic cells in the LGE (P = 0.002), MGE (P = 0.004), and CGE (P = 0.03) of Tbx1 lacZ/+ embryos, of Tbx1 lacZ/lacZ embryos (LGE, P = 0.04; MGE, P = 0.02; CGE, P = 0.006), and of Tbx1-MKO embryos (LGE, P = 0.01; MGE, P = 0.04; CGE, P = 0.005) (Fig. 4B,B‴,b) . Committed interneurons express the calcium binding protein Calbindin (Cb) (Grkovic and Anderson 1997) . Evaluation of the area of the GE occupied by Cb-expressing cells at E13.5 showed an increase in both Tbx1 lacZ/lacZ (P = 0.009) and Tbx1-MKO (P = 0.02) embryos compared with controls ( Fig. 4C -C″,c). These results suggest that loss of mesodermal Tbx1 has similar effects on progenitors deriving from both the dorsal and ventral telecenphalon, namely it alters mitotic activity and induces precocious neural differentiation. Interneurons born in the GE reach the neocortex by tangential migration. They then take up their final position within the cortical layers by radial migration. We asked whether loss of Tbx1 affects the migratory behavior of interneurons. We analyzed this by Cb immunostaining of coronal sections along the rostral-caudal axis of the forebrain at E13.5 (Fig. 4D,D″) . We counted Cb-expressing cells and found that the overall number of interneurons was similar in Tbx1 lacZ/lacZ , Tbx1-MKO, and WT embryos (Fig. 4D ,D″ and data not shown), but quantitative analysis revealed significant differences in their distribution along the migratory route (Fig. 4d) . Quantification was performed by counting Cb-expressing cells in 5 equidistant bins distributed along the lateral → dorsal migratory pathway (cartoon in Fig. 4) . Results showed that there were more Cb-expressing cells in the lateral Bin 1 and fewer in the dorsal Bin 4 in Tbx1 lacZ/lacZ embryos (P = 0.006, Bin 1; P = 0.01, Bin 4, Fig. 4D′,d ) and Tbx1-MKO embryos (P = 0.003, Bin 1; P = 0.01, Bin 4; P = 0.0002, Bin 5, Fig. 4D″,d ) compared with controls. This suggests delayed (or impaired) migration of interneurons into the neocortex to the extent that few interneurons reach the most distant (dorsal) locations. Furthermore, the orientation of migrating interneurons was noticeably different in Tbx1 lacZ/lacZ and Tbx1-MKO embryos compared with controls ( Fig. 4E-F) . We evaluated this by counting radially versus tangentially orientated interneurons across the 5 bins. We found a significant increase in the overall number of radially orientated interneurons in the Tbx1 lacZ/lacZ (P = 4.3E−05) and Tbx1-MKO neocortex (P = 9E−04) compared with controls (Fig. 4e) . Furthermore, the proportion of radially versus tangentially orientated interneurons increased along the lateral-dorsal migratory path in both Tbx1 lacZ/lacZ embryos (Bin 1, P = 0.001; Bin 2, P = 0.007;
Bin 3, P = 0.003; Bin 4, P = 6.7E−05) and in Tbx1-MKO embryos (Bin 2, P = 0.003; Bin 3, P = 0.03; Bin 4, P = 0.004) compared with controls (Fig. 4e′) . Together, these results suggest that in the absence of mesodermal Tbx1, interneurons display aberrant migration and orientation. Interneuron migration defects have been reported in 2 multigene deletion models of 22q11.2DS that include Tbx1 (Meechan et al. 2009 (Meechan et al. , 2012 Toritsuka et al. 2013) . In these mouse models, the interneuron defects were associated with reduced expression of Cxcr4, a gene that is essential for interneuron development. We analyzed brain expression of Cxcr4 by qRT-PCR in embryos at E13.5 and E18.5 but found no difference in expression between Tbx1 lacZ/lacZ mutants and controls (data not shown).
Tbx1 Is Required for Proper Final Positioning of Cortical Projection Neurons and Interneurons
We next asked whether the abnormalities identified during the active phases of cortical neurogenesis persist throughout embryogenesis and into adulthood. To address this, we analyzed the characteristic lamination of the mature S1 using layer-specific markers of both glutamaterigic projection neurons and GABAergic interneurons.
Projection Neurons
Tbx1 lacZ/lacZ mutant brains were analyzed at E18.5. This is the latest stage at which these mutants can be analyzed, because they die at birth from severe structural heart defects. At this stage, the main markers of glutamatergic projection neurons in the prospective deep and upper cortical layers are detectable (Hevner et al. 2001; Ferrere et al. 2006) . Projection neurons that derive from APs in the VZ mostly localize to the deep cortical Layers VI and V (schematized in Fig. 5A -B), and they can be identified by their expression of Tbr1, which labels all the cortical layers except Layer V (Bulfone et al. 1995; Hevner et al. 2001) , and Fezf2, which labels Layer V Molyneaux et al. 2005) . In contrast, projection neurons that derive from BPs in the SVZ mostly localize to the upper cortical layers (schematic in Fig. 5C ,D) and can be identified by the expression of Rorb, which labels Layer IV (Schaeren-Wiemers et al. 1997 ) and Cux1, which labels upper layers, mainly II/III Ferrere et al. 2006) . At E18.5, we observed altered expression of all of these markers in Tbx1 mutants. Specifically, in contrast to the distinctive layering of Tbr1-expressing cells in the WT cortex (Fig. 5A ), in Tbx1 lacZ/lacZ embryos, Tbr1-expressing cells were more uniformly distributed throughout the cortical layers, including Layers V-IV, which normally have a low density of Tbr1-expressing cells (Fig. 5A′) . This result is similar to that obtained by NeuN immunostaining of the adult Tbx1 lacZ/+ brain (Fig. 1A) . We quantified Tbr1-expressing cells in radial probes delimited by the pial surface and the white matter in the prospective S1 (cartoon in Fig. 5 ). Each probe was divided into 12 equidistant bins 250 µm wide (Fig. 5A) . Results showed an increase in the total number of Tbr1-expressing cells in the area sampled in Tbx1 lacZ/lacZ embryos compared with WT (P = 0.003, Fig. 5a ) and an altered distribution across the 12 bins (χ 2 test, P ≤ 0.001). This was particularly evident in Bins 4-7 that include Layers V and IV (P ≤ 0.01, Fig. 5a′ ). Layer V (Fezf2+) was greatly reduced in thickness in Tbx1 lacZ/+ , P = 0.02; Tbx1 lacZ/lacZ , P = 0.004, and Tbx1-MKO, P = 0.3E
−04 embryos compared with controls ( Fig. 5B,b) , while Layer IV (Rorb+) was moderately expanded (Tbx1 lacZ/+ , P = 0.05; Tbx1 lacZ/lacZ , P = 0.03; Tbx1-MKO, P = 0.05, Fig. 5C,c) . Finally, Layers III and II (Cux1+) were reduced in thickness in Tbx1 lacZ/+ , P = 0.007; Tbx1 lacZ/lacZ , P = 0.003; and Tbx1-MKO, P = 0.003 embryos compared with controls (Fig. 5D,d) .
A similar phenotype, albeit milder, was evident in the S1 of adult Tbx1 lacZ/+ mice for Tbr1 (Fig. 6A ,a, χ 2 test, P ≤ 0.001; P ≤ 0.001, Bins 6-8; P ≤ 0.01, Bins 9 and 10), Fezf2, P = 0.001 (Fig. 6B,b) , and Rorb, P = 0.07 (Fig. 6C,c) , indicating that the loss of a single copy of Tbx1, as occurs in 22q11.2DS patients, is sufficient to compromise the S1 cytoarchitecture.
Together, the expression of these layer-specific markers suggests that in the absence of Tbx1, projection neurons are abnormally positioned in the mature S1 such that the cortical Layers IV and VI are expanded while Layers III/II and V are reduced.
These abnormalities may be due to intrinsic defects in these neurons, or it may be a consequence of premature differentiation in the proliferative zones. It is noteworthy that Layers VI and IV projection neurons derive from a first neurogenic wave in apical and The regions depicted in E, E′ correspond to Bin 2 and highlight radially migrating cells. P values in (e) have been corrected by the Benjamini-Hochberg procedure.
(F,F′) Increased proportion of radially orientated interneurons in the lateral-medial trajectory in Tbx1 lacZ/lacZ and Tbx1-MKO embryos. Scale bars, 100 µm. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, error bars indicate ±SEM, n = 5-6 per genotype. LV, lateral ventricle; LGE, lateral ganglionic eminence; MGE, medial ganglionic eminence; CGE, caudal ganglionic eminence; VZ, ventricular zone; SVZ, sub-ventricular zone. D, dorsal; L, lateral.
basal progenitors, respectively. Thus, the increased mitosis observed in both progenitor populations at E13.5 (Fig. 1C,c ) may contribute to this phenotype.
Interneurons
In mice, GABAergic interneurons reach their final position in the neocortex during the first postnatal weeks (Hevner et al. 2004) . We therefore analyzed their fate in adult Tbx1 lacZ/+ mice. Mature
GABAergic interneurons express GAD67, while different subtypes of interneurons can be distinguished by additional markers. Early-born interneurons originate in the MGE and LGE and mainly constitute the Parvalbumin (PV)-and SST-expressing subtypes that contribute primarily to the deep cortical layers (VI/V); lateborn interneurons derive primarily from the CGE and constitute the calretinin (CR)-and VIP-expressing subtypes that preferentially populate the upper cortical layers (Anderson et al. 2001; Jimenez et al. 2002; Kawaguchi and Kondo 2002; Butt et al. 2005; Fogarty et al. 2007 ). We quantified the frequency and distribution of 3 interneuron subtypes, GAD67, SST, and VIP, in the adult S1, as described for NeuN (Fig. 1A) except that due to the low cell numbers expressing these markers we used only 3 counting bins (Fig. 6D-F) . We found fewer GAD67-expressing interneurons in Tbx1 lacZ/+ mice compared with controls (P = 0.02, Fig. 6D,d ) with the greatest reductions in Bin 1 (P = 0.02) and Bin 2 (P = 0.001). The overall number of SST-and VIP-expressing interneurons was not altered in Tbx1 lacZ/+ mice, but their distribution within the cortical layers , and Tbx1-MKO embryos. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, error bars indicate ±SEM, n = 5-7 per genotype. Scale bar, 200 µm. S1, primary somatosensory cortex; M1, primary motor cortex; M2, secondary motor cortex; aca, anterior commissure (anterior); CC, corpus callosum.
was affected. Specifically, the density of SST-labelled cells was reduced in Bin 3 (P = 0.02), while that of VIP-labeled cells was increased in Bin 3 (P = 0.0001).
Discussion
Our study shows for the first time that Tbx1 is required for cortical development in the mouse. Results suggest that Tbx1 is primarily required to regulate the differentiation of cortical progenitors in the neocortex and the ganglionic eminences. The neuronal defects found in Tbx1 mutants are complex, affecting multiple types of neurons (at least glutamaterigic and GABAergic). The glutamatergic and GABAergic phenotypes are not likely to be interdependent, because they are evident in the respective progenitor populations at their birthplace, before the 2 populations intermix in the neocortex. These are intriguing findings, because studies by us, and by others, have shown that loss of Tbx1 has similar consequences in other tissues and organs during embryonic development. For example, in cardiac progenitors, it is required to maintain their proliferation and to inhibit their premature differentiation (Chen et al. 2009 ). We also show that heterozygous deletion of Tbx1, a condition closer to the human genetic disease, is sufficient to disrupt S1 development in adult mice. At least some of the abnormalities reported here appear to be progressive, for example, thinning of the S1, thus offering a possible window of opportunity for therapeutic interventions.
Finally, we demonstrate that the neuronal phenotypes are due to loss of Tbx1 expression in the anterior mesoderm and/or its derivatives, thus providing evidence that S1 development requires signals from, or interaction with, mesoderm-derived tissues.
Role of Tbx1 in S1 Development
Several lines of evidence suggest that loss of mesodermal Tbx1 induces cortical progenitors to differentiate prematurely, 1) ectopic expression of markers of mature neurons in or close to the VZ and thinning of the VZ, 2) thinner proliferating zones in the ML cortex and GE, together with increased mitotic activity, 3) altered number and distribution of cortical projection neurons, 4) disrupted migration of cortical interneurons and altered numbers and distribution within the cortical layers. We propose a working model, illustrated in Figure 7A in which the loss of mesodermal Tbx1 alters the mitotic activity of apical and basal progenitors in the neocortex that results in their premature exit from the cell cycle and thereby precocious differentiation of cortical projection neurons within the proliferative zones. These anomalies progressively deplete the progenitors in the VZ and SVZ and, consequently, reduce the number of late-born neurons that derive from them, such that Layers V and II/III, which are mainly populated by late-born neurons from the VZ and SVZ, respectively, are thinner than normal. We also propose that premature differentiation compromises the ability of maturing projection neurons to migrate to or to recognize their correct final position within the cortical layers. Our data on GABAergic progenitors suggest that they are similarly affected by loss of mesodermal Tbx1, and this disrupts or delays the tangential migration of immature interneurons from the GE to the neocortex, resulting in fewer, anomalously positioned mature interneurons in the adult neocortex. The cartoon in Figure 7B illustrates how reduced Tbx1 in mesodermal cells may generate the brain phenotypes shown in Figure 7A .
Tissue Interactions Mesoderm-Neural Tissue
How might Tbx1 mutation affect corticogenesis? Intriguingly, we found that Tbx1 regulates cortical development cell-non- autonomously from the mesoderm. This is not the first example of a mesodermally expressed transcription factor that affects cortical development. Foxc1 regulates cerebellar cortex development from adjacent mesoderm by activating Cxcl12-Cxcr4 signaling in ventricular zone radial glia, which is required for their proliferation (Haldipur et al. 2014) . There are at least 3 potential sources of mesoderm-neuroectoderm interaction that could affect cortical development; endothelial cells, endothelial precursors, and head mesenchyme. Tbx1 is expressed in endothelial cells of some brain vessels (Paylor et al. 2006) , and recently, we showed that endothelial-specific inactivation of Tbx1 causes global brain vessel hyperplasia, impaired vessel perfusion, and brain hypoxia (Cioffi et al. 2014) . Moreover, the brain vessel hyperplasia was evident at E13.5 when cortical anomalies are also evident (this study). Thus, the brain vascular compartment might contribute to cortical defects in Tbx1 mutants. In addition, Tbx1 is highly expressed in the embryonic head mesenchyme Bachiller et al. 2003; Zhang et al. 2005 ), a tissue that juxtaposes the cranial neuroepithelium along its entire length, including the forebrain (Bachiller et al. 2003) . Thus, a yet to be identified Tbx1-dependent paracrine factor(s) expressed in endothelial cells or head mesenchyme affects corticogenesis. A model of how Tbx1 may regulate may come about is illustrated in Figure 7B . Cell nonautonomous functions of Tbx1 have been shown in other tissues. For example, the formation of the 4th arch artery requires Tbx1 in pharyngeal ectoderm (Zhang et al. 2005; Calmont et al. 2009 ), while formation of the thyroid and cochlea requires mesodermal Tbx1 (Xu et al. 2007; Braunstein et al. 2009; Lania et al. 2009; Monks and Morrow 2012) . Fgf8 is a candidate effector of mesoderm-derived Tbx1 function in thyroid development, while molecules in the retinoic acid signalling pathway are candidate effectors in cochlear development (Braunstein et al. 2009; Monks and Morrow 2012) . In addition, Tbx1 interacts with many of the major signaling pathways, including Fgf Aggarwal et al. 2006; Mitsiadis et al. 2008; Fulcoli et al. 2009; Scambler 2010) , Bmp Papangeli and Scambler 2013) , noncanonical Wnt (Chen et al. 2012) , NotchDelta (Calmont et al. 2009; van Bueren et al. 2010; Cioffi et al. 2014) , Robo-Slit (Calmont et al. 2009 ), Semaphorin (TheveniauRuissy et al. 2008 , Vegf (Chen et al. 2010) , and retinoic acid (Guris et al. 2001; Roberts et al. 2005; Zhang, Zhong, et al. 2006) . More work will be required to establish whether any of these interactions play a role in the brain phenotype reported here. Nevertheless, our study suggests that Notch signalling is dysregulated in the brain of Tbx1 mutants. Genetic and molecular manipulation of the Notch pathway may reveal whether this is the cause of the observed cortical phenotype. The identification of the extracellular signaling molecule/s triggered by Tbx1 in the mesoderm (represented in Fig. 7B ) may be achieved by transcriptome and secretome analyses on Mesp1Cre+ cells isolated from Tbx1 mutant embryos. Selected candidate molecules for which there are pharmacological agonists/antagonists could then be tested in phenotype rescue experiments.
Brain Phenotypes in Mouse Models and the Human Disease
Two genetic models of 22q11.2DS engineered in mice, Lgdel (Merscher et al. 2001) and Df1/+ (Lindsay et al. 2001) , have been analyzed for morphological defects in the embryonic cortex (Meechan et al. 2009 (Meechan et al. , 2012 Maynard et al. 2013; Toritsuka et al. 2013) . Lgdel mutants, which are heterozygously deleted for approximately 27 genes, including Tbx1, showed a modest reduction in basal but not in apical progenitors, delayed migration of cortical interneurons, and altered cortical lamination. Df1/+ mice harbor a smaller heterozygous deletion, internal to Lgdel, encompassing approximately 22 genes, including Tbx1. Toritsuka et al. showed that Df1/+ mice have similar interneuron migration defects to those seen in Lgdel mice, which they attributed to reduced Cxcl12/Crcx4 signaling that is required for interneuron migration (Meechan et al. 2012 ). Cxcr4 expression is reduced in Lgdel (Meechan et al. 2009 ) and Df1/+ mice (Toritsuka et al. 2013) but not in Tbx1 lacZ/lacZ mutants (this study) indicating that a different molecular pathway is affected by Tbx1 mutation. Although it is difficult to relate regional abnormalities in the Tbx1 mutant cortex to cortical abnormalities in 22q11.2DS patients because of fundamental differences between human and mouse, some parallels can be drawn with reasonable confidence. Specifically, in Tbx1 lacZ/+ mice, the S1 region is thinner, and the distribution of projection neurons and interneurons is altered.
In addition, as we reported recently, the cerebral vascular network is hyperplastic and disorganized (Cioffi et al. 2014) . These abnormalities might be related to similar findings in the cortex of 22q11.2DS patients, including reduced gray matter (van Amelsvoort et al. 2004; Bearden et al. 2007; Baker et al. 2011) , altered cortical thickness (Schaer et al. 2009; Kates et al. 2011; Jalbrzikowski et al. 2013) , tortuous brain vessels, increased neuronal density, and altered cortical lamination (Wu et al. 2014) . We propose that some of these abnormalities result from neurodevelopmental changes that are similar to those observed in Tbx1 mutant mice. The results of our study are also consistent with human studies that have linked TBX1 mutation to developmental brain disorders and psychiatric disease (Yagi et al. 2003; Paylor et al. 2006; Ogata et al. 2014) , and they suggest that TBX1 haploinsufficiency might contribute to the brain phenotypes associated with 22q11.2DS, including cortical phenotypes. Human and mouse studies suggest that other genes in the deleted region probably contribute to 22q11.2DS brain phenotypes, in particular Dgcr8, Zdhhc8, Comt, Prodh, and Gnb1l (Karayiorgou et al. 2010; Squarcione et al. 2013; Meechan et al. 2015) , none of which are known to interact with Tbx1.
In conclusion, our data provide novel information about the molecular players involved in cortical development and 22q11.2DS, and they point to critical interactions between neural and mesoderm-derived tissues. Future work should be orientated toward the identification of the molecular signals in these tissues that determine the cortical phenotypes described here and toward rescue strategies that ameliorate these phenotypes in adult mice.
Overall, our findings have important implications for the human disease, which is a heterozygous condition, but one that recapitulates most of the phenotypic spectrum associated with Tbx1 loss of function in mice. Thus, it is likely that at least some of the neuronal deficits found in mice lacking Tbx1 will be present in 22q11.2DS patients. Finally, our study reinforces the view that Tbx1 is a strong candidate not only for the 22q11.2DS-associated cardiovascular phenotype but also for the brain development anomalies, which are an important part of the clinical presentation.
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